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The layered bismuth oxy-sulfide materials, which are structurally related to the Fe-
pnictides/chalcogenides and cuprates superconductors, have brought substantial attention for under-
standing the physics of reduced dimensional superconductors. We have examined the pairing sym-
metry of recently discovered BiCh2-based superconductor, La1−xCexOBiSSe with x = 0.3, through
transverse field (TF) muon spin rotation measurement, in addition we present the results of magne-
tization, resistivity and zero field (ZF) muon spin relaxation measurements. Bulk superconductivity
has been observed below 2.7 K for x = 0.3, verified by resistivity and magnetization data. The tem-
perature dependence of the magnetic penetration depth has been determined from TF-µSR data
can be described by an isotropic two-gap s+s wave model compared to a single gap s- or anisotropic
s-wave models, the resemblance with Fe-pnictides/chalcogenides and MgB2. Furthermore, from the
TF-µSR data, we have determined the London’s penetration depth λL(0) = 452(3) nm, supercon-
ducting carrier’s density ns = 2.18(1) ×1026 carriers/m3 and effective mass enhancement m∗ =
1.66(1) me, respectively. No signature of spontaneous internal field is found down to 100 mK in
ZF-µSR measurement suggest that time-reversal symmetry is preserved in this system.
PACS numbers: 71.20.Be, 75.10.Lp, 75.40.Cx
I. INTRODUCTION
After the discovery of the BiCh2-layered (Ch: S, Se)
materials with the general formula REO1−xFexBiCh2
(RE = rare earth) by Mizuguchi et al. 1–4 and a
superconducting transition temperature TC up to 10
K, have drawn notable attention. This is mainly due
to the strong spin-orbit coupling of Bi 6p orbitals
without local inversion symmetry with an anisotropic
pairing symmetry4. The crystal structure consists of an
alternate stacking of two BiCh2 double layers and the
LaO-blocking layers, which is similar to the Fe-As and
Cu-O-Cu layers of the Fe-pnictides/chalcogenides and
high-TC cuprates
5,6 respectively. TC can be increased
by electron doping through replacing La by magnetic
elements Ce, Pr, Yb, etc or through the external
pressure, resembled with the Fe-based superconductors7.
LaO1−xFxBiS2 is one of the most extensively studied
system4,8–10, in which increasing F concentration, super-
conductivity is observed for x ≥ 0.2, with a maximum
TC of 3.7 K for x = 0.5. This can be further enhanced,
up to 10 K, by applying an external pressure of ap-
proximately 1 GPa4,11. REO1−xFxBiS2 (RE = La-Yb),
Sr1−xLaxFBiS2, and La1−xTrxOBiS2 (Tr = Ti, Zr, Hf,
and Th), were reported to be superconductors with TC
between 5 K and 10 K under applied pressure4,12–17.
Hoshi et al.18 reported the absence of isotope effects
on TC for LaO0.6F0.4Bi(S,Se)2 sample with
76Se and
80Se isotopes indicating that phonons do not mediate
the pairing. Recent angle-resolved photoemission spec-
troscopy19 of NdO0.71 F0.29BiS2 indicate two-electron
Fermi surfaces and the pairing symmetry is extremely
anisotropic with nodelike feature. Field-angle-dependent
Andreev reflection spectroscopy of LaO0.5F0.5BiS2 sug-
gest d-wave symmetry4,12. On the other hand, the an-
gular dependence of the upper critical field and µSR
data suggest highly anisotropic multigap s+s-wave sym-
metry in LaO0.5F0.5BiS2
4,12. Electrical resistivity mea-
surements on CeO0.5F0.5BiS2 under applied pressure dis-
play behavior consistent with a two-gap model4,20. Neu-
tron scattering investigations suggest that the electron-
phonon coupling is much weaker and inferred the influ-
ence of charge fluctuations to mediate superconductiv-
ity in BiS2-based superconductors
12,21. The non-linear
Hall effect and magnetoresistance (which may be re-
lated to spin density wave or charge density wave for-
mation) as well as µSR and tunnel diode oscillator mea-
surements on Bi4O4S3 suggest multigap character and for
Sr0.5La0.5FBiS2 hint fully gapped s-wave state
4,12,22,23.
In the case of CeOBiS2, a logarithmic divergence of heat
capacity, CP ∼ − ln(T ), suggest the system is very close
to a quantum critical point24.
Density functional calculations on LaO0.5F0.5BiS2 hint
two-band electronic model with a strong nesting at (pi,
pi, 0) with global dx2−y2 (B1g)-wave and anisotropic s-
wave (A1g) symmetries
4,12,25–28. Renormalization-group
calculations suggest that pairing symmetry in the BiCh2-
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2based superconductors is an admixture of singlets and
triplets12. Furthermore, the random phase approxima-
tion theory hints a spin and charge-fluctuation-mediated
gap symmetry with extending s- or d-wave gap12. The
presence of Van Hove singularities and the logarithmic di-
vergent of the density of states points towards unconven-
tional pairing mechanism12. The topology of the Fermi
surface with electron and hole pockets of BiCh2-based
materials is then similar to Fe-pnictides/chalcogenides,
which is believed to be multigap symmetry7. A pre-
cise microscopic investigation is crucial to understand
the controversial pairing symmetry of BiCh2 based com-
pounds. µSR is an indispensable method for ex-
amining the gap symmetry, pairing mechanism, and
time-reversal symmetry breaking, facilitating an under-
standing of the unconventional superconductivity of Fe-
pnictides/chalcogenides and cuprates high-TC supercon-
ductors, which remain a puzzle29. Herein, we investigate
the gap symmetry and time reversal symmetry (TRS) of
electron-doped, by the mixed-valence state of Ce ions,
La0.7Ce0.3OBiSSe compound using TF- and ZF-µSR, re-
spectively. Dome-shaped phase diagram is observed with
the highest TC of 3.1 K for x = 0.3 in La1−xCexOBiSSe30
resemblance with Eu0.5La0.5FBiS2−xSex compound with
highest TC is 3.8 K for x = 0.8
31. From TF-µSR data,
we found a multigap s + s-wave pairing symmetry of
La0.7Ce0.3OBiSSe.
II. EXPERIMENT
We have prepared a polycrystalline sample of
La0.7Ce0.3OBiSSe via the solid-state method. Stoi-
chiometric quantity of CeO2(99.99%), La2O3 (99.9%),
La2S3 (99.9%), Ce2S3 (99.9%), Bi (99.999%), S (99.99%)
and Se (99.999%) powders were put together and pressed
into pellets, then sealed in an evacuated quartz tube,
and heated at 973 K for 20 hours. The phase purity
was determined using a powder X-ray diffraction Rigaku
Miniflex diffractometer with Cu Kα radiation. The tem-
perature dependence of the magnetization measurements
were carried out using a Superconducting Quantum
Interference Device (SQUID magnetometer) with an
applied field of 1 mT. The temperature dependence of
resistivity was measured using a standard four-probe
technique.
µSR experiments in transverse field (TF)- and zero field
(ZF)- modes, were carried out on the MUSR spectrom-
eter at the ISIS Pulsed Neutron and Muon source, U.K.
Powder sample of La0.7Ce0.3OBiSSe was mounted onto
a silver (99.999%) sample holder, and then it was in-
serted in a dilution refrigerator, which operated in the
temperature range of 0.1 K ≤ T ≤ 4 K. Using active
compensation coils, the stray magnetic fields at the sam-
ple position due to the Earth and neighboring instru-
ments are canceled. TF-µSR was performed in the su-
perconducting mixed state in an applied field of 30 mT,
well above the lower critical field, Hc1 = 1.6 mT. The
asymmetry of the muon decay is calculated by G(t) =
[NF(t)− αNB(t]/[NF(t) + αNB(t], where α is a constant
determined from calibration measurements made in the
paramagnetic state with a small (2 mT) applied trans-
verse magnetic field. All the µSR data were analyzed
using WiMDA software32.
III. RESULTS
A. Crystal Structure and Physical Properties
La0.7Ce0.3OBiSSe crystallizes in a tetragonal structure
with the space group of P4/nmm (No: 129) as presented
in the inset of Fig. 1(a). Se occupancy at the in-plane
Ch1 site is higher than 85%, intimating that Se-ions se-
lectively occupy the in-plane Ch1 site, rather than out-
of-plane Ch2 site is consistent with the observations in
similar Eu0.5La0.5FBiS2−xSex and LaO0.5F0.5BiS2−xSe2
layered compounds33,34. The low-temperature magnetic
susceptibility χ(T ) data were measured in the Zero-field
cooled (ZFC) and field-cooled (FC) protocol in an ap-
plied magnetic field of 1 mT is shown in Fig. 1(a),
exhibit diamagnetic signals corresponding to the emer-
gence of superconductivity at TC = 2.7 K. Isothermal
M(H) data (not shown here) confirms bulk type-II su-
perconductivity with a small lower critical field value of
1.6 mT. Fig. 1(b) demonstrates the temperature varia-
tion of the electrical resistivity ρ(T ), which manifests a
sharp drop at 2.7 K consistent with the χ(T ) data. The
compound is metallic in its normal state, i.e., resistiv-
ity decreases with decreasing temperature T down to 2.7
K, as shown in the inset of Fig. 1(b). The metallic re-
sistivity of La0.7Ce0.3OBiSSe originates from the mixed-
valence of Ce ions (∼ 3.47)30, which is in contrast to semi-
conducting behaviour observed in Eu0.5La0.5FBiS2−xSex
and LaO0.5F0.5BiS2−xSe2 compounds31.
B. TF-µSR analysis
To examine the characteristics of the superconducting
gap structure, we have carried out TF-µSR experiment.
The TF-µSR data were collected in the field cooled state
cooled in an applied field 30 mT. Typical spectra of the
time dependence TF-µSR asymmetry both below and
above TC are shown in Fig.1(c) and (d). Below TC,
the asymmetry spectra decays due to the inhomogeneous
field distribution of the flux line lattice. The TF-µSR
spectra were best expressed utilizing damped Gaussian
oscillatory decaying function,
GTF(t) = As cos(2piν1t+ ϕ) exp(−σ
2t2
2
) exp(−λt)
+Abg cos(2piν2t+ ϕ) (1)
where ν1 and ν2 are the frequencies of the muon spin
precession from the sample and background Ag-sample
3FIG. 1. (a) represents the temperature dependence of the dc-susceptibility χ(T ) of La0.7Ce0.3OBiSSe in an applied field 1 mT
in zero field cool and field cool protocols. The inset exhibits a schematic illustration of the tetragonal crystal structure, where
RE denotes the rare-earth site occupied by La and Ce. Ch1 and Ch2 denote the in-plane and out-of-plane chalcogen sites,
respectively. The Ch1 site is largely occupied by Se, while the Ch2 site is occupied by S. (b) shows the temperature variation of
the resistivity in the low-temperature limit in zero field. The inset presents resistivity data up to 300 K. Transverse-field muon
asymmetry spectra as a function of time for La0.7Ce0.3OBiSSe collected at (c) T = 0.1 K and (d) T = 3.5 K in an applied field
H = 30 mT.
holder, respectively. As (∼ 70 %) and Abg (∼ 30 %) are
the initial asymmetries of the sample and background, ϕ
is the initial phase offset, σ is the total Gaussian muon de-
polarization rate and λ is the muon spin relaxation rate,
which was added to account the electronic contribution
from the Ce ions. The relaxation rate λ is independent
of temperature as revealed by ZF-µSR spectra, so we
have fixed λ (∼ 0.014 µs−1) at its higher temperature
value. In Eq. (1) the first term contains total sample
relaxation rate σ, there are contributions from both the
vortex lattice (σsc) and nuclear dipole moments (σnm,
which is assumed to constant (∼ 0.019 µs−1) over the
entire temperature range. The superconducting contri-
bution to the muon relaxation rate is calculated using
[σsc =
√
σ2 − σ2nm]. As σsc is directly, in the high Hc2
limit, related to the superfluid density, we can model the
temperature dependence of superfluid density using the
following equation35–40
σsc(T )
σsc(0)
=
λ−2(T )
λ−2(0)
(2)
= 1 +
1
pi
∫ 2pi
0
∫ ∞
∆(T )
(
δf
δE
)× EdEdφ√
E2 −∆(T )2
where f = [1 + exp(−E/kBT )]−1 is the Fermi
function, φ is the azimuthal angle along the Fermi
surface. The temperature and azimuthal angle
dependent superconducting order parameter is
∆(T, φ) = ∆0δ(T/TC)g(φ), where ∆0 is the maxi-
mum gap value. The temperature dependence of the
superconducting gap can be approximated by the
relation δ(T/TC) = tan{1.82[1.018(TC/T − 1)]0.51}, g(φ)
is the angular dependence of the superconducting gap
structure, which is substituted by (a) 1-for isotropic
s-wave gap [also for isotropic s + s wave gap], (b)
4FIG. 2. (a) The temperature variation of the normalized su-
perconducting depolarization rate σsc(T )/σsc(0) with H = 30
mT. The lines show the fits using s-wave (dashed dot blue),
s+ s-wave (solid red) and anisotropic s-wave (dot green) gap
functions. Multigap behavior, with minimum χ2 = 1.5 for
s + s-wave model, is confirmed by the temperature depen-
dence of magnetic penetration depth measurement. (b) The
temperature variation of the internal field.
|1 + cos(2φ)|/2 for an anisotropic s-wave41,42.
The temperature dependence of σsc(T )/σsc(0), which is
related to energy gap for quasi-particle excitations, was
fitted with a single s-wave, anisotropic s-wave and s+ s-
wave models, and shown in Fig. 2(a). The temperature
variation of the internal field determined from the fitting
parameters of Eq. (1) is shown in Fig. 2(b), which de-
creases with decreasing temperature and is flat above TC
indicative of a superconducting transition. The σsc(T )
increases with decreasing temperature confirms the pres-
ence of flux line lattice and suggest that London pene-
tration depth decreases with decreasing temperature as
σsc ∝ 1/λ2. From the fit to σsc data, it is clear that
the superconducting gap structure is best modeled by an
isotropic s + s-wave model compared to a single s-wave
model or an anisotropic s-wave model, which is agree-
ment with the theoretical predictions of BiCh2-based su-
TABLE I. Fitted parameters obtained from the fit to the
σsc(T) data of La0.7Ce0.3OBiSSe using different gap models.
Model g(φ)
Gap Value
∆(0)(meV)
Gap Ratio
2∆(0)/kBTC
χ2
s+ s-wave 1 0.35(2), 0.10(1) 3.03, 0.84 1.5
anisotropic s-wave |1+cos 2φ|
2
0.38(1) 3.27 3.5
s-wave 1 0.31(3) 2.67 4.8
perconductors12. The goodness to the fit χ2 = 1.5 value
is lowest for s + s model. The estimated parameters for
the s+s wave model show one larger gap ∆1(0) = 0.35(2)
meV and a small gap ∆2(0) = 0.10(1) meV, which yield
2∆(0)1/kBTC = 3.03. The fitting parameters obtained
from isotropic s-wave, s+s-wave, and anisotropic s-wave
models are summarized in Table I. Multigap s + s-wave
symmetry is also observed for Bi4O4S3, LaO0.5F0.5BiS2
and CeO0.5F0.5BiS2 compounds
12. Other prominent
examples of multigap superconductivity are repre-
sented by Fe-pnictides/chalcogenides7 Ba1−xKxFe2As2,
ThFeAsN, conventional BCS type MgB2
43 and re-
cently discovered on filled-skutterudite LaRu4As12
44.
Furthermore, similar small values for gap have
been observed in Sr0.5La0.5FBiS2, LaO01−xFxBiS2 and
La1−xYxO0.5F0.5BiS2 systems12.
C. Superconducting Parameters
Now we will discuss superconducting parameters of
La0.7Ce0.3OBiSSe. For a triangular lattice,
29,45,46
σsc(T )
2
γ2µ
=
0.00371φ20
λ4(T )
(3)
here γµ/2pi is the gyromagnetic ratio (135.5 MHz/T) and
φ0 is the magnetic flux quantum (2.07×10−15T.m2). Us-
ing London’s theory29
λ2L =
m∗c2
4pinse2
(4)
where m∗ = (1 + λe−ph)me is the effective mass and
ns is the carrier density. λe−ph is the electron-phonon
coupling strength, which can be estimated from Debye
temperature (ΘD) and TC using McMillan’s relation
47–49
λe−ph =
1.04 + µ∗ ln(ΘD/1.45TC)
(1− 0.62µ∗) ln(ΘD/1.45TC)− 1.04 (5)
here µ∗ is the repulsive screened Coulomb parameter
usually assigned as µ∗ = 0.13. For La0.7Ce0.3OBiSSe,
we have TC = 2.7 K and ΘD = 197 K, which gives
λe−ph = 0.66. As La0.7Ce0.3OBiSSe is a type II su-
perconductor we can assume that all normal state car-
riers (ne) contribute to superconductivity. We have esti-
mated the magnetic penetration depth λL(0) = 452(3)
5FIG. 3. (a) ZF-µSR time spectra of La0.7Ce0.3OBiSSe col-
lected at 0.1 K (square), and 3.5 K (circle) are shown together
with lines that are least-squares fits the data using Eq. 6. (b)
The LF-µSR time spectrum taken in an applied field of 5 mT
and 100 mT at 0.1 K.
nm, superconducting carrier density ns = 2.18(1) ×
1026 carriers/m3, and effective-mass enhancement m∗ =
1.66(1) me, respectively. The low value of carrier density
is also observed for Bi4O4S3
12.
D. ZF-µSR analysis
To check the presence of any hidden magnetic ordering
or broken time-reversal symmetry in La0.7Ce0.3OBiSSe,
we have carried out ZF-µSR experiment. The time evo-
lution of ZF-µSR spectra below and above TC is shown
in Fig. 3(a) for T = 0.1 K and T = 3.5 K. The absence
of muon precession or loss of initial asymmetry value at
t = 0, excludes the presence of a large internal magnetic
field, as seen in a magnetically ordered compound or mag-
netic impurity. Moreover, the only possibility is that the
muon-spin relaxation is due to static, randomly oriented
local fields associated with the nuclear moments at the
muon site and a weak contribution from the Ce electronic
moments. The ZF-µSR data can be well described using
a damped Gaussian Kubo-Toyabe function,
GZF(t) = A3GKT(t) exp
−λµt +AZF (6)
here
GKT(t) = [
1
3
+
2
3
(1− σ2KTt2)e
−σ2KTt
2
2 ] (7)
the Gaussian Kubo-Toyabe function, A3 is the initial
asymmetry, λµ is the relaxation rate, and Abg ∼ 29%
is the background signal. A3, AZF and σKT are found
to be nearly independent of temperature. No significant
change is observed in the relaxation rate at 0.1 K ( be-
low TC) and 3.5 K (above TC ), reveals that time reversal
symmetry is preserved in the superconducting state. By
fitting the time evolution of ZF-µSR spectra with Equa-
tion 6 we get σKT = 0.06(1) µs
−1 and λµ = 0.046(2)
µs−1 at T = 0.1 K and σKT = 0.06(1) µs−1 and λµ =
0.043(3) µs−1 at T = 3.5 K. The red solid line shows the
fitting to the experimental data. Since within error bars
the difference of λµ and σKT at T > TC and T 6 TC
are negligible, implies no time reversal symmetry break-
ing in La0.7Ce0.3OBiSSe and interesting no change to
the Ce magnetic moment dynamics. A small longitudi-
nal field removes any relaxation from spontaneous fields
see Fig. 3(b). For La0.7Ce0.3OBiSSe, 5 mT is sufficient to
decoupled to nuclear moments from the relaxation chan-
nel.
IV. CONCLUSION
In conclusion, we have performed the resistivity, magne-
tization, ZF- and TF-µSR measurements to investigate
the superconductivity of the BiCh2-based layered super-
conductor La0.7Ce0.3OBiSSe. Resistivity and magneti-
zation data confirm the bulk nature of superconductivity
at 2.7 K. Temperature dependence of magnetic penetra-
tion depth best modeled by isotropic s + s wave com-
pared to single gap isotropic s-wave or anisotropic s-
wave models, which agrees with multigap s+ s-wave gap
for Bi4O4S3, LaO0.5F0.5BiS2, and CeO0.5F0.5BiS2 com-
pounds and two-band electronic model suggested by the-
oretical calculations12. The observed gap symmetry is
a resemblance to Fe-pnictides/chalcogenides and MgB2.
ZF-µSR measurement designates no spontaneous mag-
netic field below TC. The absence of a spontaneous mag-
netic field below TC indicates the TRS is preserved. Our
TF-µSR result will help to understand the contradictory
results on the superconducting pairing mechanisms for
the BiCh2-based layered superconductor.
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